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ABSTRACT
It has been proposed that the (stellar) mass–(gas) metallicity relation of galaxies exhibits a secondary depen-
dence on star formation rate (SFR), and that the resulting M∗–Z–SFR relation may be redshift-invariant, i.e.,
“fundamental.” However, conflicting results on the character of the SFR dependence, and whether it exists,
have been reported. To gain insight into the origins of the conflicting results, we (a) devise a non-parametric,
astrophysically motivated analysis framework based on the offset from the star-forming (“main”) sequence at
a given M∗ (relative specific SFR), (b) apply this methodology and perform a comprehensive re-analysis of the
local M∗–Z–SFR relation, based on SDSS, GALEX, and WISE data, and (c) study the impact of sample se-
lection, and of using different metallicity and SFR indicators. We show that metallicity is anti-correlated with
specific SFR regardless of the indicators used. We do not find that the relation is spurious due to correlations
arising from biased metallicity measurements, or fiber aperture effects. We emphasize that the dependence is
weak/absent for massive galaxies (logM∗ > 10.5), and that the overall scatter in the M∗–Z–SFR relation does
not greatly decrease from the M∗–Z relation. We find that the dependence is stronger for the highest SSFR
galaxies above the star-forming sequence. This two-mode behavior can be described with a broken linear fit in
12+log(O/H) vs. log (SFR/M∗), at a given M∗. Previous parameterizations used for comparative analysis with
higher redshift samples that do not account for the more detailed behavior of the local M∗–Z–SFR relation may
incorrectly lead to the conclusion that those samples follow a different relationship.
Subject headings: galaxies: abundances—galaxies: evolution—galaxies: fundamental parameters
1. INTRODUCTION
The chemical enrichment of galaxies and its change through
cosmic time represents one of the key aspects of efforts to ar-
rive at a comprehensive picture of galaxy evolution. There-
fore, it is of particular importance that there may exist a rela-
tion that connects the gas-phase metal abundance (Z, “metal-
licity”), the stellar mass of the galaxy (M∗), and its current star
formation rate (SFR) (Ellison et al. 2008), and that this rela-
tion may be redshift-independent, or “fundamental” (hence,
“fundamental metallicity relation”, or FMR, Mannucci et al.
2010), even though each of the quantities itself evolves for a
given galaxy. Despite an impressive amount of work carried
out in recent years, there remain fundamental uncertainties
concerning the empirical properties of the M∗–Z–SFR rela-
tion (Yates et al. 2012; Andrews & Martini 2013), its red-
shift invariance (e.g., Maier et al. 2014; Steidel et al. 2014)
and even whether it exists (Sánchez et al. 2013). This paper
explores how the choice and treatment of the observational
data affect the perceived character of the M∗–Z–SFR relation,
and presents methodological recommendations for a consis-
tent approach to study it, and some findings based on the ap-
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plication of this methodology.
The M∗–Z–SFR relation represents an extension of the
mass-metallicity (M∗–Z) relation (MZR). MZR was first stud-
ied in a small sample of irregular galaxies (Lequeux et al.
1979), and was later firmly established using much larger
samples from the Sloan Digital Sky Survey (SDSS) spec-
troscopic survey (Tremonti et al. 2004, hereafter T04). T04
found MZR to be more fundamental then the previously stud-
ied luminosity-metallicity relations (e.g., Garnett 2002; Lee
et al. 2004; Salzer et al. 2005). The sense of the MZR is that
more massive galaxies have, on average, higher metallicities.
The observed scatter of MZR (∼0.1 dex in metallicity) is usu-
ally described as “tight”, although it should be kept in mind
that the full range of metallicities between gas-rich dwarfs
(logM∗ < 8)10 and the most massive star-forming (SF) galax-
ies (logM∗ ≈ 11) is less than a decade (Andrews & Martini
2013).
Subsequently, building on efforts to study non-local
luminosity-metallicity relation (e.g., Kobulnicky & Kewley
2004), the MZR was observed at intermediate redshifts (e.g.,
Savaglio et al. 2005; Cowie & Barger 2008; Lamareille et al.
2009; Zahid et al. 2011; Cresci et al. 2012; Pérez-Montero
et al. 2013; Stott et al. 2013; Ly et al. 2014; de los Reyes et
al. 2014) and is also starting to be measured at higher red-
shifts (z & 1.6), either from direct observations (Maiolino et
al. 2008; Zahid et al. 2014; Troncoso et al. 2014; Steidel et
al. 2014; Maier et al. 2014), stacked spectra (Erb et al. 2006;
Henry et al. 2013; Cullen et al. 2014; Yabe et al. 2014), or by
exploiting gravitational lensing (Richard et al. 2011; Chris-
tensen et al. 2012; Wuyts et al. 2012; Belli et al. 2013; Yuan et
al. 2013). In addition to observational challenges, with some
10 Masses are expressed in units of solar mass (M).
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of the diagnostic lines redshifted into the near-infrared region,
non-local studies have to contend with the changing charac-
teristics of the interstellar medium (ISM) (Nakajima & Ouchi
2014; Steidel et al. 2014) and the increased uncertainties re-
garding the removal of galaxies in which AGNs contribute to
ionization (Kewley et al. 2013; Juneau et al. 2014), and sam-
ple selection effects (Juneau et al. 2014). Nevertheless, the
general consensus is that average metallicities at a given mass
were lower at higher redshifts. Note that for a given galaxy
the evolution in metallicity is even greater than the offset be-
tween MZRs, because the galaxies we see today had a smaller
mass in the past.
The search for secondary dependencies of MZR can be
traced back to T04, who remarked that the scatter in MZR
is approximately twice the estimated error in metallicity, sug-
gesting that other galaxy properties may contribute to it. They
found mass-dependent MZR residuals with respect to the
mass surface density, but not with respect to the Hα equivalent
width, a rough proxy for specific star formation rate (SSFR =
SFR/M∗). Subsequently, also using SDSS, but with different
method of deriving metallicities, Ellison et al. (2008) found
that MZR residuals at a given mass do depend on the SSFR,
and, even more strongly, on galaxy’s physical size. Both ef-
fects were found to be more pronounced at lower masses.
Mannucci et al. (2010) (hereafter M10) introduced an ana-
lytical form for M∗–Z–SFR relation, and more importantly,
proposed that the M∗–Z–SFR relation, unlike the MZR, does
not evolve with redshift (hence, it is “fundamental”). Thus,
MZRs at high redshift simply represent slices of the M∗–Z–
SFR relation that can be defined with the local data. M10
also found a projection of the M∗–Z–SFR relation along the
axis that lies in the M∗–SFR plane that minimizes the scat-
ter in metallicity compared to the MZR projection. A similar
concept, sharing the idea of tying together MZRs at different
redshifts, was concurrently put forward by Lara-López et al.
(2010) (hereafter LL10).
The idea of a fundamental relation was foreshadowed by
Hoopes et al. (2007), who showed that UV luminous com-
pact galaxies, which may represent local lyman-break galaxy
(LBG) analogs, lie on a MZR that is offset from the general
MZR towards lower metallicities. They noted that the MZR
of UV luminous compact galaxies resembles the z∼ 0.7 MZR
of Savaglio et al. (2005) in terms of the magnitude of the off-
set from the local MZR and even the fact that the offset was
greater for low-mass galaxies. The invariant aspect of the M∗–
Z–SFR relation was considered, but dismissed by Ellison et al.
(2008), because they concluded that for high-redshift galaxies
the effect of higher SSFRs would be mostly countered by the
effect of high-redshift galaxies being smaller (size was found
by these authors to be a stronger driver of metallicity depen-
dence). However, nearly all subsequent studies have only con-
sidered the effect of the evolving SFRs, but not also of the
size.
The existence of M∗–Z–SFR relation and its possible fun-
damental aspect were quickly adopted, and theoretical mod-
els, both analytical (e.g., Lilly et al. 2013) and numerical (e.g.,
Davé et al. 2011), were developed to explain it (see Section
5). FMR has even been used as a assumption to yield other
predictions (Peeples & Somerville 2013). Furthermore, there
are numerous efforts to detect secondary dependencies even
at higher redshifts (e.g., Cresci et al. 2012; Zahid et al. 2014;
Wuyts et al. 2014; Steidel et al. 2014; Maier et al. 2014; de
los Reyes et al. 2014). Nevertheless, the observational status
of the M∗–Z–SFR relation, and its exact character, are cur-
rently unclear even in the local universe where the data are
most abundant. For example, in their study of SDSS sam-
ples , Yates et al. (2012) find that the anti-correlation between
SFR and metallicity at a given massis only present at lower
masses (logM∗ . 10.2), but then reverses, so that the metal-
licity is higher for high-SFR galaxies, contradicting the re-
sults of M10. More disturbingly, Sánchez et al. (2013) find no
dependence of metallicity on SFR at all in their sample of lo-
cal galaxies with spatially resolved metallicities. In contrast,
Andrews & Martini (2013), by measuring direct metallicities
on stacked SDSS spectra, find not only that metallicity is anti-
correlated with SFR at all masses, but that this dependence is
two to three times stronger than that found by M10.
There are also open questions regarding what fraction of
metallicity scatter can be accounted for by allowing the SFR
dependence, with estimates ranging from very moderate (Elli-
son et al. 2008; Pérez-Montero et al. 2013) to quite substantial
(Mannucci et al. 2010). Finally, the existence of another “sec-
ond” parameter on which metallicity may depend, the galaxy
size, has received relatively little attention, despite the initial
claims that it is even more important than the dependence on
SFR (Ellison et al. 2008).
To achieve a solid understanding of the process of chem-
ical enrichment and be able to interpret theoretical predic-
tions, one first needs to understand the root causes of the
discrepant results mentioned. Therefore, this paper will ex-
plore the uncertainties regarding the character and the exis-
tence of the dependence of metallicity on secondary parame-
ters resulting from different methods of measuring metallicity
and SFR. Metallicity determinations have a number of well-
known difficulties– both practical and theoretical (e.g., Kew-
ley & Ellison 2008; Andrews & Martini 2013), so it is only
natural that may affect the characterization of the M∗–Z–SFR
relation. Additional systematics may arise from the fact that
SDSS is limited to the use of fiber spectroscopy, which sam-
ples only the central regions of galaxies (Sánchez et al. 2013).
Star formation indicators are similarly subject to a number
of caveats, including uncertainties in calibrations, the types
of populations used as tracers, and the dust corrections (e.g.,
Brinchmann et al. 2004; Salim et al. 2007, 2009; Lee et al.
2009, 2011; Kennicutt & Evans 2012; Calzetti 2013). Further-
more, all of the previous work in SDSS used SFR estimates
that are based on some of the same emission lines measure-
ments that are used to derive metallicities, raising concerns
about spurious correlations (Lilly et al. 2013). The paper will
also address possible biases arising from sample definitions
(e.g., de los Reyes et al. 2014), and will revisit the questions
of the metallicity scatter and of the secondary dependence of
metallicity on galaxy size.
The present study will focus on characterizing the M∗–Z–
SFR relation and, more specifically, on verifying the existence
of the SFR dependence ((i.e., Z(M∗,SFR)) in the local uni-
verse (z ∼ 0.1). To accomplish these goals we introduce an
intuitive and physically motivated framework which does not
pre-suppose a particular parameterization of this relation. The
proposed framework can also be naturally applied to estab-
lish whether the M∗–Z–SFR relation is epoch-invariant, i.e.,
whether FMR is indeed fundamental. Note that the ques-
tion of the existence of FMR (the constancy of M∗–Z–SFR
relation) is separate from the question of the existence of
Z(M∗,SFR) at any given redshift (Maier et al. 2014). Both
of these questions, the FMR and Z(M∗,SFR) at z ∼ 2.3, will
be addressed in a subsequent work (Salim et al. 2015, in prep.)
Throughout the paper we will use two-dimensional repre-
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All 0.07 < z < 0.30 
+ Mannucci et al. (M10) cuts + WISE 22μ detected 
A B 
C D 
Figure 1. Distribution of specific star formation rates (SFR/M∗) and stellar masses (M∗) illustrating the effects of sample cuts and detection limits. Panel A
shows the sample (galaxies in the MPA/JHU SDSS DR7 catalog) prior to any cuts. Panel B shows the effects of applying the Mannucci et al. (2010) (M10)
redshift cuts. Panel C shows our final “M10-like sample," where we have applied cuts that select star-forming galaxies with strong Hα detection, and remove
discrepant metallicities, following M10. In our analysis we will also use an augmented sample (plot not shown), which practically eliminates low-redshift limit
as long as at least 10% of mass is contained in the fiber. Panel D shows galaxies from the final M10-like sample (panel C) that have detections in WISE W4
band (22µm). A given shade of greyscale represents the same number of galaxies in every panel. Dotted lines show the location of the star-forming sequence
according to Salim et al. (2007) (β = −0.35, upper line) and Salim & Lee (2012) (β = −0.46, lower line). SSFRs used in this plot come from the UV/optical SED
fitting (but the sample is still only optically selected, see Section 2.3), so no biases in the SSFR–M∗ plane are introduced.
sentations of familiar quantities, as those are much more read-
ily comprehended than the three-dimensional representations.
Striving to make the analysis as intuitive as possible, we will
be presenting only two types of plots: mass vs. metallicity,
and metallicity vs. the relative specific SFR (for galaxies of a
certain mass).
In Section 2 we present the data used in the study, define the
samples, and detail how different measurements were made.
In Section 3 we motivate and lay out the non-parametric anal-
ysis framework that we will use in the rest of the paper, and
explore the character of Z(M∗,SFR) using a variety of SFR
and metallicity measurements. In Section 4 we apply our
methodology in order to address some of the discrepant re-
sults reported in the literature, while Section 5 discusses the
implications for theoretical efforts. For a reader interested in a
quick overview of the results and their implications, we sug-
gest reading Section 6 first, followed by figure captions and
Section 4. Throughout the work we assume standard cosmol-
ogy (H0 = 70 km s−1 Mpc−1, Ωm = 0.3, ΩΛ = 0.7).
2. DATA, SAMPLES AND MEASUREMENTS
SDSS spectroscopic survey (Strauss et al. 2002) represents
the largest survey of galaxies in the local universe (z < 0.2)
and has served as a primary source of data for studies that
have described the MZR (T04) and the M∗–Z–SFR relation
(M10, LL10). Thus, in this paper we also use SDSS as the
basis for our work.
2.1. Sample cuts
In this section we describe the cuts we use to define the
samples drawn from SDSS spectroscopic survey, and illus-
trate their effect on the properties of the sample in Figure
1. Definition of the sample in this paper follows the pro-
cedures adopted by M10 to select the star-forming galax-
ies. As in M10, we start with the MPA/JHU reduction of
SDSS DR7 spectroscopic sample. MPA/JHU catalog11 con-
tains spectroscopic line measurements derived using a cus-
tom pipeline that yields continuum subtracted fluxes (T04).
Full MPA/JHU SDSS DR7 sample consists of 928,000 galax-
ies (all sample numbers are rounded to the nearest thousand),
but this number drops to 212,000 after the application of the
M10 redshift (0.07 < z < 0.30) and Hα signal-to-noise ratio
cuts (S/N(Hα)> 25). Relatively high signal-to-noise cut on
Hα flux was applied in order to yield usable signal in other,
weaker, emission lines that are necessary for the measure-
ment of metallicities, while the relatively high low-redshift
limit was chosen to ensure that spectroscopic fibers cover
large fraction of each galaxy (2 kpc at z = 0.07 and 7 kpc at
z = 0.30). Line flux errors are taken as listed in the MPA/JHU
catalog.
Next we follow M10 and apply minor cuts to remove
anomalously low (F(Hα)/F(Hβ)< 2.5) and very high Balmer
decrements, i.e., dust attenuations (AV > 2.5), bringing the
sample to 203,000. The purpose of these cuts is to eliminate
unphysical or extreme dust attenuation corrections. We pre-
sumed that M10 followed Nagao et al. (2006), who determine
11 http://www.mpa-garching.mpg.de/SDSS/DR7
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the attenuation at V band from the Balmer decrement using
Cardelli et al. (1989) extinction law:
AV = 7.23log
F(Hα)/F(Hβ)
2.86
,
with the attenuation affecting the Hα line being related to AV
by:
AHα = 0.818AV .
Note that AV is evaluated in V band as a matter of convention,
but it represents extinction in HII regions, which is typically
several times larger than the extinction of the stellar contin-
uum (Calzetti et al. 2000; Charlot & Fall 2000). Galaxies
where emission line flux is dominated by non-stellar emis-
sion are removed using the Kauffmann et al. (2003) criterion
on the BPT diagram (Baldwin et al. 1981) line ratios, cou-
pled with the log N2 < −0.2 cut (N2 = F([NII]6584)/F(Hα)),
leaving 160,000 galaxies.
In Figure 1 we show the effect of the cuts as reflected in
the specific SFR vs. stellar mass plane. Specific SFRs are de-
rived from the UV-optical SED fitting and masses are taken
from MPA/JHU catalog 12. Figure 1A shows the initial sam-
ple. We see the well-known bimodality in star-formation
properties, with mostly quiescent galaxies lying below log
(SFR/M∗) = −11.5, and actively star-forming galaxies lying
on a relatively narrow sequence (the ’star-forming sequence’
or the ’main sequence’). The upper dotted line (repeated in all
panels) represents the star-forming sequence fit from Salim et
al. (2007) (hereafter S07), and pertains to galaxies selected
as star-forming according to Brinchmann et al. (2004) (here-
after B04) criteria, and the lower line shows the SF sequence
as determined in Salim & Lee (2012) using the gaussian de-
composition of the full sample into star-forming and passive
galaxies. Application of the redshift cut (Figure 1B), applied
following M10, removes the low-mass tail, especially among
galaxies with less intense SF. As a result, for log M∗ < 10 the
sample tends to retain galaxies above the mean SF sequence
relation. Application of the remaining M10 selection crite-
ria, most importantly the Hα SNR cut and the BPT selection,
removes quiescent galaxies, but also eliminates a significant
fraction of galaxies on the SF sequence (Figure 1C).
In consideration of the potential biases described above,
we have also constructed an augmented sample, which re-
tains all the cuts as the M10 sample, except that it allows red-
shifts extending down to 0.005, as long as the fiber contains
at least 10% (following Yates et al. 2012) of the total stel-
lar mass (fiber masses are available from the MPA/JHU cata-
log). Even at lowest redshift the majority of galaxies pass the
fiber mass fraction criterion, so we do not expect a bias due
to incompleteness. Note that SDSS mass covering fraction
is typically 30% (95% of galaxies have the covering fraction
between 17% and 50%). The augmented sample facilitates
fuller characterization of the trends at logM∗ < 10 (plot not
shown). The augmented sample contains 259,000 galaxies (a
60% increase).
2.2. Metallicities
In this work we will use four metallicity indicators: (1)
M10 metallicities—an average of R23 and N2 estimates, (2)
Bayesian metallicities of T04, (3) N2O2 and (4) R23 with an
12 Full description of various types of measurements is given in Section
2.3. The choice of SFR indicator in Figure 1 is of little importance.
O32 term. We will primarily use metallicity estimates deter-
mined following a procedure described in M10. We refer to
these metallicities as M10 metallicities. M10 metallicities are
the average of 12+log(O/H) estimates from two strong-line
methods: R23 (the ratio of four oxygen lines ([OII]3727 dou-
blet and [OIII]4958, 5007) to Hβ, Pagel et al. 1979) and N2
(the ratio of [NII]6584 to Hα, van Zee et al. 1997). R23 and
N2 metallicities were derived using relations from Maiolino
et al. (2008), which calibrate various line ratios with respect
to Kewley & Dopita (2002) theoretical metallicities of SDSS
galaxies. All emission lines were corrected for dust attenu-
ation using Hα-to-Hβ Balmer decrement and Cardelli et al.
(1989) extinction curve. Following M10 we allow galaxies
with log R23 < 0.9 and log N2 < −0.35 (the range of valid-
ity of Maiolino et al. 2008 calibrations), and remove those
where the two metallicity estimates based on R23 and N2 dif-
fer by more than 0.25 dex. We confirm that neither of these
cuts removes galaxies of any particular SFR range. The fi-
nal M10-like sample (i.e., sample with M10 redshift cuts)
consists of 141,000 galaxies (matching the number quoted
in M10), while the final augmented sample (sample allowing
z< 0.07) consists of 222,000 galaxies. The median redshift of
the final M10-like sample is 0.11, and of the final augmented
sample is 0.08.
For comparison with previous work, and to discuss poten-
tial biases affecting M10 metallicities, we will consider ad-
ditional metallicity estimates. One of them is the metallicity
estimate taken from the MPA/JHU catalog, which was derived
following the methodology described in T04. T04 metal-
licities are different from most other estimates because they
are not based on some line ratio calibrated against another
metallicity estimate, but come directly from fitting the stellar-
continuum subtracted spectra to emission-line photoioniza-
tion model spectra containing multiple emission lines (four
Balmer lines and eight forbidden lines). T04 metallicities are
not publicly available for all galaxies for which we calculate
M10 metallicities because MPA/JHU catalog provides them
only for galaxies classified as star-forming by B04 criteria.
Those criteria required a S/N threshold of 3 in all four BPT
lines, but with flux errors scaled up to account for the scat-
ter in fluxes of repeat observations, thus effectively becoming
equivalent to S/N ratio cuts of between 5 and 7. As a result, of
141,000 (222,000) galaxies in the final M10-like (augmented)
sample 93,000 (163,000) have T04 metallicities (∼ 60%).
Recently, Juneau et al. (2014) revisited the analysis of re-
peat observations and showed that flux error scalings are
much smaller for flux ratios (needed for BPT classification
and metallicity determinations) than for absolute fluxes, and
are very close to one. Therefore, in this paper we do not scale
flux errors.
We will also derive metallicities using the N2O2 method
(the ratio of [NII]6584 to [OII]3727) for which theoretical
calibration is taken from Eq. 7 in Kewley & Dopita (2002),
and using the R23+O32 method (R23 method with an O32
([OIII]4958, 5007 to [OII]3727 line ratio) term, McGaugh
1991), based on theoretical calibration from Eq. 18 in Kobul-
nicky & Kewley (2004). Unlike the M10 metallicities, these
two methods are expected either to be less dependent on the
ionization parameter (N2O2), or to explicitly correct for it
(R23+O32).
2.3. Star formation rates and stellar masses
In this study we will primarily use four measurements of
SFR. Two pertain to SFR contained within the SDSS spec-
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troscopic fiber, and two are integrated (total) SFRs. Follow-
ing M10 we calculate fiber SFR from the Hα luminosity, dust
corrected with a Balmer decrement, and converted to SFR us-
ing Kennicutt (1998) conversion. Another fiber SFR estimate
comes from the MPA/JHU catalog, determined according to
B04 method of fitting photoionization models to six emission
lines (including Hα and Hβ) simultaneously. As in the case of
T04 metallicities, the method does not apply any explicit con-
versions to obtain the target parameter (metallicity or SFR),
but performs Bayesian fitting of fluxes or flux ratios. B04
have shown that photoionization models imply that the con-
version between the dust-corrected Hα and SFR is strongly
metallicity (and therefore, indirectly, mass) dependent. As a
result, B04 SFRs can be as much as 0.5 dex higher for the
most metal-rich galaxies. Fiber SFRs, originating from neb-
ular emission of very massive stars, measure instantaneous
SFR (timescale < 10 Myr).
First of the two total SFRs comes from the SED fitting
of GALEX (Martin et al. 2005) ultraviolet (UV) and SDSS
optical broad-band photometry. We perform SED fitting on
all SDSS spectroscopic sample galaxies covered by GALEX
medium-deep imaging (50% of SDSS area). Fitting includes
galaxies covered but not detected by GALEX, invariably non-
SF galaxies, thus keeping the sample optically selected. SED
fitting is performed using Bayesian approach, by comparing
the observed fluxes with a library of model fluxes obtained
from stellar population synthesis models (Bruzual & Charlot
2003) using some priors on star-formation history, and atten-
uated according to the Charlot & Fall (2000) dust extinction
model. The methodology is described in detail in S07. Princi-
pal differences with respect to S07 is that we now use model
priors optimized for star-forming galaxies (as described in da
Cunha et al. 2008) and we produce model libraries more finely
sampled in redshift (0.01 vs. 0.05 in S07). SED SFRs, being
mainly constrained by UV, are determined as averaged over
the past 100 Myr.
Second type of total SFRs come from 22µm (W4 chan-
nel) observations from WISE (Wright et al. 2010). We use
the AllWISE catalog profile-fit W4 fluxes13 and extrapolate
them using Dale & Helou (2002) IR SEDs calibrated with
Marcillac et al. (2006) relations to obtain the total IR lumi-
nosity, which is then converted to SFR using the Kennicutt
(1998) relation. Details can be found in Salim et al. (2009),
where the same procedures were used on Spitzer 24µm fluxes.
Detections at 22µm are available for 54% of the final sam-
ple, but this incompleteness does not produce strong biases
in SSFR–M∗ parameter space (Figure 1D). Mid-IR emission
is typically assumed to originate from dust-enshrouded young
populations that also give rise to the UV emission and there-
fore are expected to trace current (∼ 100 Myr) SFR. How-
ever, Salim et al. (2009) have shown that mid-IR may have
significant contributions from older populations even in ac-
tively star-forming galaxies, so that the timescale over which
mid-IR measures SF may be effectively on the order of few
Gyr.
We will also be considering specific SFRs. Fiber SSFRs
are obtained by normalizing fiber SFRs by fiber stellar masses
from the JHU/MPA catalog. SED SSFRs are derived directly
from the SED fitting and mid-IR SSFRs are normalized by the
total stellar mass from the JHU/MPA catalog. As in M10, we
13 We confirmed that mid-IR SFRs from the profile-fit photometry produce
smaller scatter with respect to other SFRs than the standard aperture WISE
photometry.
use stellar masses from the the JHU/MPA catalog, which were
derived from SDSS photometry (following, but independently
from S07). These masses are in a very good agreement (scat-
ter in difference ∼ 0.08 dex, with < 0.01 dex overall offset)
with the masses obtained from our SED fitting.
For all MPA/JHU measurements (metallicity, SFRs, stellar
masses) and for parameters from the SED fitting we use medi-
ans of the probability distribution function as fiducial param-
eter values.
SFRs and stellar masses were either derived with or con-
verted to Chabrier IMF.
3. M∗–Z–SFR RELATION IN THE LOCAL UNIVERSE: EMPIRICAL
ANALYSIS FRAMEWORK AND SYSTEMATICS
3.1. Setting the stage: identifying the physically motivated
secondary parameter in the M∗ −Z relation
In this section we set the stage for the remainder of our
analysis by identifying the optimal and the most physically
motivated parameter driving the secondary dependencies in
the MZR. We then use this knowledge to propose an intuitive
framework for investigating the M∗–Z–SFR relation in Sec-
tion 3.3.
A useful way to think of the M∗–Z–SFR relation is that it is
represents an extension of a familiar MZR. Thus, a commonly
used way to illustrate the SFR dependence is to show aver-
age (or median) mass-metallicity tracks of galaxies selected
to lie in different bins of absolute SFR (e.g., M10, Yates et al.
2012; Andrews & Martini 2013; Nakajima & Ouchi 2014).
In this section we will show that the absolute SFR is not the
optimal quantity with which to characterize MZR residuals.
The choice to use absolute SFR as a secondary parameter in
the mass-metallicity relationship is probably motivated by the
fact that the M∗–Z–SFR relation has originally been formu-
lated by M10 and LL10 as the relation between the mass,
metallicity and SFR. Instead, we argue that this should rather
be the relative SSFR—the difference between galaxy’s SSFR
and the SSFR typical for galaxies of that mass (i.e., the offset
from the star-forming sequence).
To show this, we will contrast MZRs (Figure 2) of samples
selected to have the extreme (highest 2.5% (top panels)) and
the lowest 2.5% (lower panels)) values of (i) absolute SFR
(left panels), (ii) absolute SSFR (middle panel) and (iii) rel-
ative SSFR (right panels) to the MZR of the general popula-
tion of galaxies (repeated green band in each panel is the 90
percentile range of the metallicities of the overall M10-like
sample). Median trends of top (bottom) samples is shown as a
purple (red) line, and of the general population as a white line.
In this section (3.1) we will only be using M10 metallicities
and SFRs derived in SDSS spectroscopic fibers, as derived in
M10. Thus our Figure 2 is directly comparable to Figure 1 in
M10.
We begin this exercise by exploring MZR offsets due to ab-
solute SFRs. We see that the galaxies with the highest SFRs
(Figure 2A) show no offset with respect to the overall sample
at the highest masses (logM∗ > 11), while at logM∗ = 10 the
offsets have increased to 0.2 dex, and stay that large at lower
masses. Since SFRs on average increase with mass (e.g.,
B04), the highest SFRs are preferentially found among the
more massive galaxies. Likewise, the galaxies with the low-
est SFRs will be found in the region of lower masses (panel
B). Galaxies with the lowest SFRs are systematically offset
above the median overall MZR, by some 0.05 dex, regardless
of the mass.
Given that the SFR to first order simply scales with mass, it
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Metallicity: M10,   SFR: M10 (fiber) 
high SFRs 
low SFRs 
high SSFRs 
low SSFRs 
high ΔSSFRs 
low ΔSSFRs 
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F 
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B 
Figure 2. Mass-metallicity diagrams of galaxies selected to be extreme according to some SFR-related parameter. The upper (lower) row of panels show galaxies
with the highest (lowest) 2.5% of values in the sample (for E and F, extreme in each mass bin). Sample selection follows M10 (our “M10-like" sample), which
features an Hα SNR cut of 25, but no SNR cuts on other emission lines. Panels A and B select by SFR, C and D by specific SFR, and E and F by specific SFR
in a given mass bin. Fiber-based measurements are used in all panels. In all panels, green shaded regions give the 90 percentile range of the overall M10-like
sample, with the white line representing the median. All mass bins are 0.15 dex wide. Medians of the high/low samples (colored lines) are showed when more
than 5 galaxies exist in a bin.
is justified, and physically more motivated (e.g., Ellison et al.
2008; Yates et al. 2012), to explore whether the SFR normal-
ized by mass, i.e., the specific SFR–an indication of the cur-
rent SF activity with respect to the past average–would pro-
duce stronger offsets across the mass range than just the SFR.
We again show M∗ −Z plots, but now for 2.5% of the sample
with highest and lowest SSFRs in the sample (Figure 2C and
D). Since on average the specific SFR declines with increas-
ing mass (e.g., S07, also Figure 1), we now have the reverse
situation that the highest SSFRs are found among the lower-
mass galaxies and the lowest SSFRs are among the more mas-
sive. Median offsets for the intense star-formers remain large
at high masses, but they are somewhat smaller than in the case
of top SFRs for the lowest masses. For galaxies with low SS-
FRs (panel D) there is not much overlap in the mass regime
with low SFRs (panel B), and the median MZR also sits some
0.05 dex above the overall median.
One can see that considering galaxies selected by either
SFRs or SSFRs implicitly introduces a mass selection. A true
secondary parameter driving offsets in MZR should apply to
galaxies of all masses. Thus we now explore samples selected
by the level of SSFR relative to what is typical at a given mass.
Relative SSFR (∆ logSSFR) is defined as:
∆ logSSFR = logSSFR− 〈logSSFR〉M∗ ,
where 〈logSSFR〉M∗ is the median or mean of logSSFR of
galaxies having a mass M∗. In this work we use medians
in 0.15 dex wide mass bins. Relative SSFR can be visual-
ized as the offset of a galaxy from the star-forming sequence
(vertical distance in Figure 1), a measure also called “SFR
excess” (Schiminovich et al. 2007) or “starburstiness” (El-
baz et al. 2011). The relative SSFR is a “natural” param-
eter to characterize star-formation activity, and is becoming
increasingly used in the recent literature (e.g.,Magdis et al.
2012; Woo et al. 2013). In Figure 2E and F we now show
galaxies with the highest and lowest 2.5% relative SSFRs in
each mass bin. These galaxies typically have SSFRS that
are five times higher/lower than typical values at that mass
|∆ logSSFR| > 0.7 dex). The quantity of points at different
masses now reflects the mass distribution in the overall sam-
ple. We notice that some offset for highly star-forming galax-
ies (panel E) is now present even at the highest masses, which
was not the case when absolute SFRs were considered (panel
A). At lower masses the offsets are at least as strong as they
were in panel A, but now the selection includes more galaxies.
Similarly, for galaxies with the lowest relative SSFRs (panel
F), the offsets are as large as in the case of either the lowest
SFRs or SSFRs, but spanning the full range of masses.
From this section we conclude that MZR offsets are more
naturally characterized by the difference between the loga-
rithm of galaxy’s SSFR with respect to a typical log SSFR at
a given mass, rather than the absolute SFRs. In hindsight this
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Figure 3. Mass-metallicity diagrams of galaxies selected to have extreme SSFRs at fixed mass, where the SFR has been calculated using different indicators.
As in the previous figure, the upper (lower) row of panels show galaxies with the highest (lowest) 2.5% of values in the sample, and the green region shows the
90 percentile range of the overall “M10-like" sample. Panels A and B show samples selected by Brinchmann et al. (2004) fiber SSFR, C and D by total SSFR
derived from broad-band UV/optical SED fitting, and E and F by total SSFR derived from 22µm mid-IR luminosity (WISE channel W4).
may seem fairly obvious, but this point has not has not pre-
viously been clearly made. The interpretation of the MZR
offsets in terms of the variations of relative SSFR is more
in accordance with FMR’s evolutionary sense: at higher red-
shifts the SF sequence appears to shift upwards without much
change in the slope (e.g., Speagle et al. 2014), so considering
local samples at some distance (offset) from the SF sequence
is more analogous to a high-redshift selection.
Does the above mean that the functional form of
Z(M∗,SFR) should feature SSFR rather than SFR? In the case
of a linear relationship and total measurements, the two for-
mulations are formally equivalent. However, for fiber mea-
surements, the difference is crucial. Fiber SFR, used in M10’s
formulation of FMR (their Eqn. 2, 4 and 5), is not a meaning-
ful physical quantity since it depends, to the zeroth order, on
galaxy distance: on average SDSS fibers cover 25% of SF at
z = 0.07, but 65% at z = 0.30. On the other hand, fiber specific
SFR (fiber SFR normalized by mass in the fiber) is a perfectly
valid physical quantity, representing the intensity of SF in the
same physical region of the galaxy in which the metallicity
is measured, and is therefore probably even preferred to the
total specific SFR for the purposes of M∗–Z–SFR analysis.
Future studies should report their fiber or slit SSFRs to allow
for a more direct comparison with SDSS. Surprisingly, M10
find that their least-scatter projection, formulated with fiber
SFRs, agrees with high-redshift measurements, even though
fiber SFRs are distance-dependent and are on average 0.6 dex
smaller than the total SFRs (but with a substantial, distance-
dependent scatter). Altogether, it makes more sense to for-
mally describe M∗–Z–SFR relations using specific SFRs. In-
deed, the recent analytical model of Lilly et al. (2013) (e.g.,
their Eq. 40) finds the metallicity to be the function the SSFR
(see discussion in Section 5).
Guided by the inferences made in this section, in the rest of
the paper we will consider the relative SSFR as the primary
independent variable for galaxies of a fixed mass.
3.2. How dependent is M∗–Z–SFR relation with respect to
the type of SFR indicator?
Previous work onM∗–Z–SFR relation in SDSS used exclu-
sively SFRs derived based on the emission lines measured in
spectroscopic fibers. As some of those same line measure-
ments are involved in the determination of metallicity, this
open up a concern that the M∗–Z–SFR relation may to some
extent be the result of spurious correlations between the mea-
surements of SFR and the metallicity. Therefore, in this paper
we will examine the relationship with two completely inde-
pendent total SFRs, based on integrated fluxes. Furthermore,
different SFR indicators are sensitive to SF over different
timescales, which in principle may be more or less strongly
tied to the changes in the metallicity.
In this section we investigate four SFR indicators: two mea-
sured in fibers (both based on emission lines, but one fol-
lowing M10’s common methodology of Balmer decrement-
corrected Hα luminosity, and the other using B04’s more so-
phisticated methodology of modeling simultaneously multi-
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ple emission lines) and two total measurements (one based on
the UV/optical SED fitting, and the other based on 22µ mid-
IR luminosity from WISE). The results are presented in Figure
2 (right panels–M10 SFRs), and are continued in Figure 3 (left
panels–B04 SFRs; middle panels–SED SFRs; right panels–
mid-IR SFRs). In Figure 3 we continue to plot the galaxies
with 2.5% highest/lowest relative SSFRs (top/bottom panels),
and contrast them to the general population of galaxies (green
band). We continue to use M10 metallicities.
We begin with the comparison of M∗ − Z plots based on
M10 fiber SFRs (Figure 2E and F) to B04 fiber SFR (Figure
3A and B). Below logM∗ = 10.3 there is not much difference
in MZRs of either the high or the low SSFR samples selected
by either M10 or B04 SSFRs. Above logM∗ = 10.5, galax-
ies selected by B04 SSFR show no offset with respect to the
overall metallicity. Since B04 SFRs are more sophisticated
than M10 SFRs and therefore presumably more accurate, this
suggests that there is very little or no SFR dependence in the
MZR above logM∗ = 10.5.
Next we look at SED SFRs—total SFRs determined from
the UV/optical broad-band fluxes, and primarily constrained
by the UV. The MZR of the most intensely star-forming galax-
ies (Figure 3C) shows approximately two times smaller offset
below logM∗ = 10.3 with respect to equivalent relations based
on either fiber SFRs. Above, logM∗ = 10.5, the offset is nearly
gone, as in the case of B04 fiber SFRs. For galaxies selected
to have the lowest relative SSFRs (Figure 3D) the offset is
likewise smaller than for fiber SFRs and basically not present
above logM∗ = 10.3, again similar to B04 SFRs. Before draw-
ing any conclusions, we examine high/low samples selected
by mid-IR SFRs. For intense star-formers (Figure 3E), the
offset in MZR is, surprisingly, again as strong as it was for
M10 fiber SFRs, and is clearly present even at logM∗ = 10.5,
which was not the case for either B04 fiber SFRs or for the
total SED SFRs. For galaxies furthest below the SF sequence
(but detected at 22µm) the offset is quite small (0.02 dex), as
in the case of SED SFRs, and unlike M10 SFRs. We have
verified that this small offset is not because of 22µm detec-
tion limit potentially eliminating lowest star-formers—if we
produce M10 SFR selected M∗ −Z plot (not shown) but only
for galaxies also detected at 22µm we still obtain an offset as
large as the one in Figure 2F.
To conclude, we find that the dependence of MZR on SSFR
is definitely present using all SFR indicators, whether they
be fiber or total, so the M∗–Z–SFR relation cannot be merely
an artifact of correlated measurements. The degree of off-
sets vary, but at least one SSFR of both types (fiber and to-
tal) shows equally strong offsets for highly SF galaxies. It
is interesting that the dependence is not significantly weak-
ened when using total SSFRs, considering that the metallicity
is measured in the fiber. Note that if an SSFR measure has
a high uncertainty, it will not be able to accurately identify
galaxies that are truly the highest star-formers and therefore
the most discrepant in metallicity, which may explain why
the trends are weaker using SED SFRs. This emphasizes the
need to perform comparison of samples at different redshifts
using indicators of similar accuracy, and, preferably, of the
same type. Results further suggest that the fact that different
indicators trace SF over different timescales does not appear
to affect the trends significantly. Finally, we confirm previous
findings (Ellison et al. 2008, M10) that the MZR offsets are
more pronounced at lower masses, and that they are close to
zero when approaching logM∗ = 11.
3.3. Characterization of the M∗–Z–SFR relation
In previous sections we used familiar M∗–Z plots and con-
trasted samples of galaxies selected to be extremes in terms
of star-forming properties. We now wish to include all of
galaxies in the analysis. We have also seen that the MZR
offsets are strongly mass dependent. We therefore need to
analyze galaxies of different mass ranges separately. Follow-
ing the framework set up in Section 3.1, we do so by plotting
the metallicities against the relative SSFR. These Z–∆SSFR
plots for galaxies belonging to some mass bin embody our
non-parametric methodology for exploring the M∗–Z–SFR re-
lation.
In Figure 4 we show four Z–∆SSFR plots, for one of 0.5
dex wide mass bins centered on logM∗ = 9.5, 10.0, 10.5 and
11.0. Results do not depend strongly on the width of mass
bins. We continue to use M10 metallicities and revert to M10
fiber SSFRs, but from now on use the augmented sample (one
extending to lower redshift, z = 0.005, than what was used
in M10), which allows for better characterization of the low-
mass regime (Section 2.1). Relative SSFR for a given galaxy
is determined as the difference of its SSFR with respect to the
median SSFR in 0.15 dex wide mass bin. Positive relative SS-
FRs correspond to galaxies sitting above the star-forming se-
quence. Almost identical results would be obtained if, instead
of using running medians, the relative SSFR was calculated
as the difference between SSFR and the SSFR corresponding
to the linear fit of log SSFR vs. log M∗ at that mass (such
as those in Figure 1). Figure 4 now allows us to explore de-
pendence of Z on SSFR for all galaxies, not just those at the
extreme of SSFR distribution.
We start from the mass bin centered on log M∗ = 9.5 (Fig-
ure 4A), where the metallicity trend is stronger than in higher
mass bins. Fitting the linear relationship (purple line) yields a
slope κ = d(12+ log(O/H))/d log(SFR/M∗) of −0.18. How-
ever, running medians reveal that the SFR dependence is con-
siderably stronger above the SF sequence (a linear fit would
yield, κhigh = −0.26), then in its core and below it (κlow =
−0.12). Moving on to the next mass bin (Figure 4B), we find
that the overall dependence on SFR gets weaker (κ = −0.12),
but again the slope is steeper above the SF sequence than
in its core and below it. Remarkably, the slope above the
SF sequence is as steep as in the lower mass bin (values of
slopes are given in Table 1). At logM∗ = 10.5 (Figure 4C),
the overall slope is only κ = −0.05, and while it is again
steeper above the SF sequence (and still as steep as at lower
masses), the steepening does not begin until 0.7 dex above the
sequence, and consequently encompasses only a small num-
ber of highly star-forming galaxies. Finally, in logM∗ = 11.0
bin (Figure 4D), we stop seeing different behavior above and
within/below the SF sequence, with a rather shallow overall
trend of κ = −0.03.
Are the results presented here valid for total SSFRs? We
list the slopes of metallicities against the offset from the SF
sequence based on mid-IR SFRs in Table 1). The results are
remarkably similar to those based on fiber SFRs, with the
most notable difference being that the slope in the highest
mass bin is even weaker. This basically confirms the con-
clusion from Section 3.2 that the differences in timescales of
SFR indicators and whether they pertain to fiber or integrated
measurements do not lead to great differences in metallicity’s
dependence on SSFR.
To conclude, in this section we have demonstrated that the
metallicity’s dependence on SSFR is stronger above the SF
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Figure 4. Dependence of the metallicity on the offset from the star-forming sequence, in different mass bins. Both the metallicity and the fiber SFRs are as
derived in M10. We now use an augmented sample, which follows the M10 selection (most importantly the Hα SNR cut of 25) but allows redshifts down to
0.005 as long as the mass contained in fiber is at least 10% of the total galaxy mass. Mass bins are centered on the values indicated in each panel, and are 0.5 dex
wide. The absolute SSFR at the center of the mass bin is given along the top of each plot. Magenta lines show linear fits to the data points, while the green lines
represent medians (when at least 15 galaxies exist in a 0.15 dex wide bin). Greyscale uses square-root scaling in order to better display the full dynamic range of
the density of data points. A SSFR dependence is present at all masses, but is stronger at lower masses. It also depends on the SSFR itself, and is stronger above
the star-forming sequence in the three lower mass bins.
sequence (as remarked by M10). And while the dependence
for the bulk of galaxies (those in and below the SF sequence)
weakens as the mass goes up, the dependence for intense
star-formers (lying at & 0.6 dex from the SF sequence) stays
very similar, suggesting that the different mechanisms drive
the M∗–Z–SFR relation depending on SF intensity, which it-
self may be related to the existence of different modes of SF
(e.g., quiescent vs. merger-driven). Some studies, especially
at z& 1, distinguish populations with high relative SSFR (e.g.,
∆ log SSFR> 0.3, Elbaz et al. 2011),) as having a special
mode of star formation, associated with mergers, and label
them “starbursts”. However, at z ∼ 2, the starbursts produce
a clear excess above the Gaussian distribution of log SSFR
and dominate already at ∆ log SSFR= 0.6 (Rodighiero et
al. 2011). However, while we find the high-end distribution
of log SSFR in SDSS to eventually depart from a Gaussian,
this excess does not become dominant (twice as high as the
Gaussian) until ∆ log SSFR> 1.0 dex (for M10 SFRs, at
logM∗ = 10), well above the onset of break in the Z–SSFR
relation. Therefore, we refrain from equating the two-mode
behavior in metallicity trends with the normal SF vs. merger-
driven starburst distinction at this time, but do not rule out
such a connection.
Important implication of this finding is that describing or
extrapolating the SFR dependence using simple linear trends
(equivalent to assuming a flat “fundamental plane” in LL10
or a single preferred projection of the FMR in M10) could
lead to inconsistencies when comparing to high-redshift sam-
ples, as the local trends will be dominated by galaxies that
show weaker SFR dependence. We see that using a single
linear trend can produce discrepancies as large as 0.2 dex in
the metallicity for the most active star-formers. Such differ-
ence can give very different character to the interpretation of
high-redshift data. Recently Maier et al. (2014) showed (their
Figure 5) that using different descriptions of the M∗–Z–SFR
relation by M10 (second order polynomial vs. the plane of the
least scatter) produce different extrapolations for high-SSFR
samples. At a given mass, a better way to parametrize the
SSFR dependence is with a broken linear fit—one for galax-
ies above the SF sequence, and other for the rest. Ultimately,
to test whether high-redshift samples follow the local M∗–Z–
SFR relation (and to determine whether they exhibit the de-
pendence on SSFR internally) it is best to show both the lo-
cal and the high-redshift data on metallicity vs. SSFR plots,
within some mass bin (lower masses will provide stronger di-
agnostic as long as samples are not too small). We apply this
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Table 1
Characterization of the M∗–Z–SFR relation.
SFR type logM∗ Median 12+log(O/H) σ(12+log(O/H)) σcorr(12+log(O/H)) κ κlow κhigh Break point
M10 (fiber) 9.5 8.83 0.121 0.102 −0.15 −0.12 −0.27 0.6
M10 (fiber) 10.0 8.96 0.092 0.081 −0.10 −0.06 −0.29 0.5
M10 (fiber) 10.5 9.02 0.063 0.059 −0.05 −0.04 −0.32 0.7
M10 (fiber) 11.0 9.03 0.052 0.051 −0.03 −0.03 −0.16 0.7
WISE 22µm (total) 9.5 8.85 0.119 0.107 −0.17 −0.14 −0.16 0.3
WISE 22µm (total) 10.0 8.96 0.089 0.082 −0.11 −0.08 −0.19 0.5
WISE 22µm (total) 10.5 9.02 0.060 0.058 −0.04 −0.03 −0.21 0.6
WISE 22µm (total) 11.0 9.04 0.049 0.049 −0.01 −0.01 −0.22 0.7
Median 12+log(O/H) is given at the position of the SF sequence according to the linear fit. Scatter in metallicities around the running
median, i.e., corrected for SFR dependence is σcorr(12+log(O/H)). Slope of the metallicity vs. the change in relative SSFR (i.e., the offset
from the SF sequence) is κ, while the slopes above and below the break point (dex above the SF sequence) are κhigh and κlow. All metallicities
are derived as in Mannucci et al. (2010) (M10).
methodology in Salim et al. (in prep.) to test whether local
M∗–Z–SFR relation is consistent with z∼ 2.3 measurements.
3.4. Does accounting for SFR lead to a considerable
decrease in the scatter of the MZR?
The existence of the (S)SFR-dependence of MZR implies
that if the (S)SFR was accounted for, the scatter in the re-
lation would decrease. This decrease was presented in M10
as being dramatic. For example, their Fig. 5 shows that the
scatter in metallicity becomes a factor of almost three smaller
(goes from 0.055 dex to 0.02 dex). However, what is perhaps
not sufficiently appreciated is that this calculation in M10 per-
tained to the reduction of the RMS residuals of median-binned
values of metallicity around the best-fitting surface, and not
of the individual galaxies. Different studies have claimed
conflicting results regarding the scatter of individual galax-
ies (non-binned samples). Ellison et al. (2008) reported that
SSFR is not an important cause of scatter in MZR (a 10%
reduction), and more recently Pérez-Montero et al. (2013)
quoted a 0.01 dex reduction. These results are at odds with
M10 stated reduction from 0.08 dex to 0.05–0.06 dex.
The methodology applied in Section 3.3 allows us to di-
rectly address the question of the reduction of scatter. Figure
4 shows that the scatter in metallicity is high even at a fixed
mass and fixed SSFR (metallicity axis in Figure 4 spans the
exact same range as in M∗ −Z plots: Figures 2 and 3). Even at
low masses (logM∗ = 9.5), where the SFR dependence is the
strongest, the overall scatter (standard deviation) in metallici-
ties of 0.12 dex is reduced only to 0.10 dex (scatter around the
median), a 20% reduction. The effect is even more modest at
higher masses, where the dependence on SFR is weaker. The
values of the standard deviation of metallicities before and
after accounting for the SFR are given in Table 1. The uncer-
tainty in the measurement of SSFR (∼ 0.2 dex) adds to the
scatter in Z, but this contribution (0.2κ) does not account for
more than 10% of the residual scatter. Based on this we con-
clude that presenting the MZR using a quantity that combines
the mass and SFR (as in M10 Fig. 5), should not be expected
to reveal conspicuous reduction in the scatter for typical sam-
ples of galaxies. On the contrary, the reduction is indeed very
modest. This also means that the M∗–Z–SFR relation, as a
three-dimensional “surface”, is not particularly thin, despite
common wisdom (e.g., Steidel et al. 2014), possibly inspired
by M10’s use of the binned points (e.g., their Figure 2).14
14 To illustrate how binning can lead to a wrong impression, imagine a
Finally, we turn to another question regarding the scatter in
Z. T04 and Zahid et al. (2012) have previously noted that
the metallicity scatter in MZR, which becomes quite large
at lower masses, is not due to, for example, larger measure-
ment errors, but is intrinsic. The question is whether it can
be fully explained by dependence on SFR. As we have seen,
taking into account the SSFR dependence reduces the scat-
ter at logM∗ = 9.5 from 0.12 only to 0.10 dex, which is still
significantly larger than the typical metallicity errors at that
mass (0.04 dex, T04). This suggests that some other parame-
ter(s) may ultimately be more closely connected with metal-
licity regulation than the SFR.
3.5. Is M∗–Z–SFR relation sensitive to the choice of
metallicity measurements?
In this section we explore how M∗–Z–SFR relation is af-
fected by the use of alternative metallicity indicators, primar-
ily those based on T04 method. Since T04 metallicities that
are available in MPA/JHU catalog also involve additional se-
lection criteria, we first need to explore if such criteria alone
affect the dependence on SFR. In the analysis we will con-
tinue to use Z–∆ SSFR plots split by mass bins.
Given all the practical and theoretical difficulties concern-
ing the measurement of metallicities (e.g., Andrews & Mar-
tini 2013 and references therein), it is of critical importance
to understand if different methods of deriving them affect the
conclusions regarding the existence and the character of M∗–
Z–SFR relation. In all of our analysis up to this point we have
used metallicities derived according to the method of M10,
i.e, an average of estimates based on R23 and N2 calibrations
of Maiolino et al. (2008). T04 metallicities, being available as
part of the MPA/JHU catalog, are very often used in the analy-
sis of SDSS samples and have been used for the characteriza-
tion of M∗–Z–SFR relation (Lara-López et al. 2010; Yates et
al. 2012). However, T04 metallicities are not available for the
entire sample that we considered so far (that was selected by
requiring S/N(Hα)> 25). Instead, T04 metallicities are avail-
able for galaxies satisfying the condition of having relatively
high S/N ratios in all four BPT lines (S/N ratio >7.3, 5.5, 4.5
and 6.0 in Hα, Hβ, [OIII]5007 and [NII]6584, respectively),
as explained in Section 2.2, which is fulfilled for 2/3 of our
sample. To see whether multiple S/N ratio cuts alone bias
the trends, we repeat Figure 4, i.e., we still use M10 metal-
homogeneous spherical distribution of points in three-dimensional space xyz.
Now perform binning of z values in bins defined in the xy plane. The binned
values would form a perfectly thin plane.
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Figure 5. Dependence of metallicity on the offset from the star-forming sequence in different mass bins. This figure uses the same measurements as Figure 4,
except that it shows only those galaxies from the augmented sample (∼2/3) for which Tremonti et al. (2004) (T04) metallicities are available. Unlike the selection
in M10 sample, T04 metallicities require relatively high (>5–7) signal-to-noise ratio in all four BPT lines. Such multiple-line selection biases (weakens) the
metallicity dependence on SSFR below the SF sequence (∆ log SSFR< 0) by preferentially eliminating galaxies with lower SSFRs and higher metallicities.
Dashed lines show median metallicities prior to selection by T04 availability and demonstrate the effect of the S/N selection.
licities, but now restricted to those galaxies for which T04
metallicities exist. The resulting trends, in same mass bins
as before, are shown in Figure 5. Comparison with Figure 4
reveals that while the overall trends are similar, there are im-
portant differences. Namely, the median metallicities below
the SF sequence (∆ log SSFR< 0) are now lower, by up to
0.05 dex. There is no change above the SF sequence. In other
words, the selection based on four emission lines leads to the
preferential removal of galaxies with lower SSFRs and higher
metallicities. The overall result is that the bulk trends (purple
lines in Figure 5) become slightly weaker.
Keeping in mind the biases introduced by S/N ratio cuts
present in T04 sample, we now look at the SSFR trends us-
ing the actual T04 metallicities (Figure 6). The results are
remarkably different compared to equivalent plots made with
M10 metallicities (Figure 5). In the lowest mass bin (panel
A), where the dependence on SFR was the strongest, it is now
much weaker, with the overall slope of only κ = −0.05. More
importantly, the sense of the Z(M∗,SFR) (that the more ac-
tive galaxies at a given mass should have smaller metallic-
ities) is only observed above the star-forming sequence (∆
log SSFR> 0.5, and therefore involves a smaller fraction of
galaxies. Bulk of the galaxies (those within the core of the
star-forming sequence and below it) show no trend at all. Sim-
ilar situation persists in higher mass bins. Anti-correlation
between metallicity and SFR is observed only at & 0.4 dex
above the SF sequence, but for the bulk of the galaxies it is
not present, and even turns into a weak positive correlation.
The end result of using T04 metallicities is that the trends are
no longer monotonic, which is inconsistent with the possibil-
ity that the M∗–Z–SFR relation is redshift invariant.15
To disentangle the effects of T04 sample selection that re-
quires high S/N ratios in multiple lines, from those that are
intrinsic to the T04 metallicity method, we have also calcu-
lated the metallicities, using the exact methodology of T04,
for galaxies that do not pass T04 cuts. Thus we arrive at
the sample that is selected with only the S/N ratio cut on Hα
line. Investigating the metallicity trends with such sample we
still find (plots not shown) that T04 metallicities lead to much
weaker trends against SSFR than M10 metallicities, but not so
much to produce a drop at low SSFRs that would lead to non-
monotonic behavior. This, apparently, is due to the additional
bias of having S/N ratio selections in multiple lines.
Differences between M10 and T04 metallicities in the con-
text of M∗–Z–SFR relation were previously noted by Yates
et al. (2012), who ultimately preferred the T04 metallicities.
15 As explained in Section 2.3, for T04 metallicities we use medians of
probability distribution functions. However, the results stay the same if aver-
ages or modes are used instead.
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Figure 6. Dependence of metallicity on the offset from the star-forming sequence in different mass bins, where the metallicity is now from T04, while the SSFRs
are still derived as in M10. A criterion required for M10 metallicities (that the estimates from N2 and R23 methods agree) is now dropped. Metallicity trends are
weaker compared to those with M10 metallicities and are in some cases non-monotonic. This is a consequence of both the fact that T04 metallicities are only
available for galaxies that have strong S/N ratios in multiple lines and that the T04 values yield weaker trends compared to those computed by M10.
Considering that most studies determine metallicities using
simple methods similar to those used in M10, and not using
the complicated Bayesian fitting of full emission line spec-
trum as in T04, it is important to understand if the simple
method of M10 is at fault.
One concern regarding the M10 method is that it is based on
semi-empirical calibrations (Maiolino et al. 2008). Maiolino
et al. (2008) calibrate various individual line ratios of a sam-
ple of SDSS galaxies against the metallicities obtained from
the theoretical calibrations of Kewley & Dopita (2002). Thus,
such calibration will follow the theoretical models on aver-
age, but not necessarily for parts of the sample that have prop-
erties different from the average. Specifically, their calibra-
tions may not be valid for galaxies that have ionization pa-
rameters very different from what is typical at a given line ra-
tio value. To test the possibility that the M∗–Z–SFR relation
based on M10 metallicities is affected by biases due to the
variations of ionization parameter, we also calculate metallic-
ities using the N2O2 method, which is the least sensitive to
ionization parameter of all simple methods (methods that em-
ploy one ratio of lines) (Kewley & Dopita 2002). We show the
N2O2 metallicity vs. SF trends in Figure 7A, but now only
for one mass bin (logM∗ = 10.5). The general sense of the
trend is the same as it was with M10 metallicities: there is an
anti-correlation for galaxies within the SF sequence, which
becomes stronger above it. The overall slope is even slightly
steeper than it was with M10 metallicities. There is no sign of
flat or positively correlated trends as with T04 metallicities.
In their choice to adopt T04 metallicities as more fidu-
cial, Yates et al. (2012) put forward an argument that any
method for deriving metallicities involving nitrogen (such as
M10’s, which is an average of N2 and R23) is possibly af-
fected by saturation. To address this concern, we now con-
sider an oxygen-based (R23) calibration of Kobulnicky &
Kewley (2004) which at the same time accounts for differ-
ences in the ionization parameter (through its dependence on
O32). The results (again for logM∗ = 10.5 bin) are shown in
Figure 7B. While the median trend within the SF sequence
is now somewhat weaker than for either the M10 or N2O2
metallicities, they do not go away as in the case of T04 metal-
licities. In other mass bins (plots not shown) both the N2O2
and the R23+O32 trends are again closer to trends using M10
metallicities than those using T04 metallicities.
Based on the analysis presented in this section we conclude
that the use of T04 metallicities, even when accounting for the
biases due to having multiple-line selections, produces SFR
dependencies that are much smaller than those produced us-
ing conventional line ratio methods. It should be kept in mind
that even among the methods that yield similar results, the
strength of the dependence on (S)SFR will differ depending
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Figure 7. Dependence of metallicity on the offset from the star-forming sequence at logM∗ = 10.5, for two alternative metallicity methods. Panel A shows N2O2
metallicities calibrated according to Kewley & Dopita (2002), and panel B shows metallicities obtained with the Kobulnicky & Kewley (2004) “best” method of
combining R23 with O32. Both methods should be less affected by the changes in the ionization parameter, and yet they show trends more similar to those based
on M10 metallicities than based on T04 metallicities.
on the metallicity method and calibration (Andrews & Mar-
tini 2013). This reiterates the point that the comparisons of
different samples must be based on same metallicity method
and calibration (in addition to using comparable (S)SFR es-
timates, and allowing for non-linear trends, as emphasized in
previous sections).
Furthermore, in this section we find, as discussed in de los
Reyes et al. (2014), that the dependence on SFR will depend
on the S/N ratio cuts applied to the lines. This is especially
true for galaxies with lower (S)SFRs. This can be avoided
by using a S/N ratio cut only on one hydrogen line (which
can be made sufficiently high so that other lines are also well
measured).
4. APPLICATION OF THE FRAMEWORK TO RESOLVE OPEN
QUESTIONS
In this section we apply the analysis framework presented
in Section 3 to revisit some of the results regarding metal-
licity’s secondary dependencies presented in recent literature.
Specifically, we revisit the existence of another secondary pa-
rameter, galaxy size (Ellison et al. 2008), and also explore
claims that the character of M∗–Z–SFR relation is different
for galaxies of different mass (Yates et al. 2012; Lara-López
et al. 2013), or the claims that the secondary dependence may
be altogether spurious (Sánchez et al. 2013).
4.1. Is MZR dependent on galaxy size?
The work that originally drew attention to the dependencies
of MZR on other parameters, Ellison et al. (2008), claimed
to have found not only MZR offsets due to SSFR, but also
even stronger offsets resulting from galaxy physical sizes, in
the sense that at a given mass larger galaxies have on aver-
age smaller metallicities. However, subsequent studies fo-
cused exclusively on the SFR aspect, neglecting the question
of galaxy sizes, perhaps because the latter phenomenon had
less clear intuitive interpretation, and because any result in-
volving galaxy sizes in a sample where the physical scale and
the fiber covering fraction span such wide ranges appears sus-
pect. Furthermore, as pointed out by Ellison et al. (2008),
simultaneous presence of both dependencies leads to the pre-
dictions that high-redshift MZRs should have much smaller
evolution than what is observed, so the existence of a strong
size dependence would potentially conflict with the basic idea
of FMR—that it can account for MZR evolution.
Here we revisit the question of MZR’s dependence on
galaxy size by applying the methodology introduced in Sec-
tion 3 (metallicity trends in 0.5 dex wide mass bins), but sub-
stituting SSFR with galaxy size. We use the same data for
galaxy sizes (Simard et al. 2011) as used by Ellison et al.
(2008), except that we take semi-major axis half-light radii
in g band (as opposed to r), based on single Sersic fits. The
results for our augmented sample, and using M10 metallic-
ities, are shown in Figure 8. Significant trends are seen in
all mass bins, but they are stronger at lower masses. Bulk
trends (purple fits) are not as strong as those vs. SSFR, al-
though they become more comparable at higher masses. The
main difference is that the dependence vs. SSFR has a two-
mode behavior such that the trends above the SF sequence
are much stronger, which results in the full range of median
metallicities that is many times greater than the range of me-
dian metallicities due to the size dependence. For example,
at logM∗ = 9.5 the total span of metallicities due to the size
is ∼ 0.1 dex, while it is ∼ 0.5 dex with respect to the SSFR
(Figure 4A). Interestingly, the trend vs. size reverses for very
large galaxies (half-light size > 10 kpc), but there are very
few such galaxies compared to those of smaller size.
One might have a concern that the size dependence is a
just consequence of there being the primary dependence with
SSFR. This would be the case if the size and SSFR were them-
selves strongly correlated in the sense that larger galaxies have
higher SSFRs. However, this is not the case. We find (plots
not shown) that the galaxies with higher SSFR on average
have smaller sizes than galaxies with lower SSFRs (up to a
factor of 2). Furthermore, the dependence of metallicity on
SSFR persists with the same intensity even when the galaxies
are selected to lie in a very small range of physical sizes (plots
not shown). Therefore, the two phenomena are independent.
Finally, we confirm that the trends of metallicity with size re-
main when the sample is restricted to narrow redshift ranges
(0.01), which demonstrates that the observed dependence is
not an artifact of redshift-dependent covering fraction of the
fibers.
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Figure 8. Dependence of metallicity on the galaxy size (half-light semi-major axis in g band, in kpc) in different mass bins. Anti-correlations are present, but
the overall trend in median metallicities is not as large as those with SSFR (Figure 4).
The conclusion of this section is that the metallicity shows
dependence on galaxy size that is independent from the de-
pendence on SSFR and is not an artifact of aperture effects,
nor of metallicity gradients within the galaxy (for latter, see
Ellison et al. 2008). However, the total trends are weaker
compared to those with respect to SSFR, so one does not ex-
pect that the size dependence alone will produce much evo-
lution in the MZR and thus affect the potential invariance of
M∗–Z–SFR relation . Nevertheless, the size does appear to be
a genuine contributing source of the dispersion (albeit small)
in the MZR and is therefore in need of being tested with the-
oretical models.
4.2. Is there a reversal in Z–SFR anti-correlation at higher
masses?
The character of the M∗–Z–SFR relation, that at a given
mass there is an anti-correlation between SFR and metall-
city, has been brought into question by Yates et al. (2012)
(and to some extent Lara-López et al. 2013), who find that
this dependence reverses above logM∗ ≈ 10.2, such that the
higher (S)SFRs are associated with, on average, higher metal-
licities. Such result, if correct, would basically preclude the
“fundamental” aspect of the FMR. Namely, as we go to higher
redshifts, and SFRs at a given mass rise, one would expects,
based on Yates et al. (2012) “reversal”, that the metallicities
of low mass galaxies would be offset lower compared to lo-
cal galaxies (as observed), and that the metallicities of higher
mass galaxies should on average be located above the local
MZR. No such evolution of MZR has been reported in the
current literature. So either the local relationship between Z,
M∗ and SFR does not at all hold at other redshifts (is not fun-
damental), or there is a problem with the finding that there
exists a reversal of trends.
Yates et al. (2012) found the reversal using T04 metallici-
ties. They have also considered, but eventually decided not
to trust, the metallicities determined according to the M10
method, which, even in their analysis, did not show any ev-
idence of the reversal (their Figure 1). Our analysis (Sec-
tion 3.5) has shown that T04 metallicities intrinsically shows
much weaker trends than other metallicity indicators, which
are additionally exacerbated by T04 metallicities being avail-
able only for galaxies that fulfill S/N ratio criteria on multiple
lines, leading to trends that are strongly non-monotonic, es-
pecially at higher masses (Figure 6C, D). Can this explain the
results of Yates et al. (2012)? In Figure 9A we show metal-
licity vs. SSFR for mass bin centered at logM∗ = 10.5, where,
according to Yates et al. (2012), the reversal should already
take place. The sample selection used in this figure follows
that of Yates et al. (2012), applying S/N>5 cuts in Hα, Hβ
and [NII]6584, redshift range of 0.005 to 0.25 and the require-
ment that fiber captures at least 10% of r-band flux. Yates et
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Figure 9. Dependence of metallicity on the offset from the star-forming sequence at logM∗ = 10.5, with samples selected as in Yates et al. (2012) (panel A) and in
Lara-López et al. (2010) (panel B). Both studies utilize metallicities from T04 and total SFRs from B04. In panel A the overall trend shows a positive correlation
between relative SSFR and metallicity, similar to that seen in our analysis of T04 metallicities (Figure 6C). However, this is the opposite behavior of the anti-
correlation seen based upon other metallicity measures (Figure 4C, 7). Even stronger positive correlation in panel B can be traced to a lower redshift ceiling and
higher S/N ratio cuts applied by Lara-López et al. (2010). However, this positive correlation is not captured by the Lara-López et al. (2010) “fundamental plane”
parameterization of the relation (orange line), which, like the FMR of M10, implies that the galaxies follow an anti-correlation.
al. use aperture-corrected total SFR from B0416. Indeed, the
general sense of the trend in Figure 9A (purple line) is one
of a correlation (and therefore the reversal compared to the
anti-correlation at lower masses). This is similar to what we
have already seen when we discussed T04 metallicities (Fig-
ure 6), but with even fewer galaxies participating in the anti-
correlation part of the trend, perhaps due to a different type of
SFR or somewhat different sample cuts.
One could argue for reversal being real by noting that a
similar effect may exist in trends of dust extinction vs. SFR.
Namely, Zahid et al. (2013) find that dust extinction AV (es-
timated from the Balmer decrement) in SDSS shows an anti-
correlation with SFR at lower masses, which turns into a pos-
itive correlation above logM∗ > 10.2. These trends are rela-
tively weak and have a substantial scatter (∼ 0.5 mag). For
SFR Zahid et al. (2013) use B04 total SFRs. Interestingly, we
confirm Zahid et al. (2013) results, but only when using total
SSFRs. When we instead look at AV vs. fiber SSFR (either
derived as in M10 or from B04), the mean trends have the
same character irrespective of the mass: dust extinction rises
with SSFR, reaches a peak, and then turns down above the SF
sequence. The rising part of the trend becomes steeper with
mass. Given that the Balmer decrement is determined in the
fiber, it is more appropriate to compare it to the SSFR also
measured in the fiber. Thus the results of Zahid et al. (2013)
may not hold when the dust and the SSFR are measured in
matching regions, possibly because the dust extinction and
the SSFR do not scale alike.
T04 metallicities were also used in LL10, the other of the
two papers that first reported the relationship between mass,
SFR and metallicity. Like Yates et al. (2012), LL10 used
total SFRs from B04, but also a much more restricted red-
shift range (0.04 < z < 0.10), and very high (> 8) S/N ratio
cuts in eight emission lines (four BPT lines, plus [OII]3726,
16 B04 total SFRs combine the SFR determined in the fiber (Section 2.3)
with the SFR estimated for the region outside of the fiber. These outer-ring
SFRs were based on outer broad-band optical fluxes, calibrated to match
the SFRs of fibers having the same color. As such, the total B04 SFRs are
emission-line/broad-band hybrids.
3729 and [SII]6717, 6731). We replicate LL10 selection and
show the resulting metallicity vs. SSFR plot at logM∗ = 10.5
in Figure 9B. The apparent correlation (“reversal”) is now
even stronger than in Yates et al. (2012). This is the result of
lower redshift range which preferentially eliminates less fre-
quent high-SFR galaxies that would have added weight to the
anti-correlation, and due to the high S/N ratio cuts that tend
to preferentially remove low-SFR galaxies with high metal-
licities. LL10 do not discuss the reversal in their original pa-
per, but do confirm it subsequently (Lara-López et al. 2013).
However, it must be noted that the high-mass reversal is en-
tirely at odds with the concept of the “fundamental plane”
introduced by LL10. The sense of the fundamental plane is
always one of anti-correlation. This can be seen in Figure 9B,
where we plot the locus of LL10 fundamental plane as the
orange line (it is also evident in Figure 13 (top left panel) in
Lara-López et al. 2013). Furthermore, the fundamental plane
requires the slope κ to be mass-independent (e.g. Figure 13
(top left panel) in Lara-López et al. 2013), which is obviously
not the case no matter which metallicity or SFR indicator is
used. The fact that LL10 were able to derive the fundamental
plane despite using T04 metallicities that cause the apparent
reversal, is because the plane was constrained by more numer-
ous lower mass galaxies that dominate in their sample and for
which the general trend is that of anti-correlation, even using
T04 metallicities (Figure 6A).
The conclusion is that the apparent reversal in metallicity
vs. (S)SFR, as seen in Yates et al. (2012), is primarily the
result of using the available T04 metallicities, and would not
be seen using other metallicity estimates (or even with T04
metallicities if they were available for a sample not biased
by multiple-line S/N ratio cuts). Furthermore, the reversal
would have conflicted with the fundamental aspect of the local
Z–M∗–SFR relation, because it would no longer be able to
explain the MZR evolution.
4.3. Is M∗–Z–SFR relation merely an artifact of aperture
effects?
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Figure 10. Dependence of metallicity on the offset from the star-forming sequence for the CALIFA sample of Sánchez et al. (2013). Sánchez et al. (2013)
observed 150 galaxies with integral field spectroscopy and were therefore able to derive metallicities and SFRs that better reflect entire galaxies than SDSS fiber
measures, and should not be susceptible to potential aperture biases. Interestingly, we find that (except in the lowest mass bin, panel A) statistically significant
anti-correlations (purple lines show unweighted linear fits) are present, with strengths that are comparable to those in SDSS sample.
One potentially serious limitation of all studies of the re-
lationship between metallicity, mass and SFR that are based
on SDSS data is that the metallicity measurements come from
fiber spectroscopy, which covers part of the galaxy in a way
that is redshift and galaxy-size dependent. Sánchez et al.
(2013) made efforts to address this concern by observing a
sample of 150 local (z< 0.03) galaxies using an integral field
spectrograph PMAS/PPAK mounted on Calar Alto 3.5 m,
as part of the CALIFA survey. In addition to the measure-
ments of resolved HII regions, Sánchez et al. (2013) deter-
mine global estimates for galaxy metallicity in a physically
motivated way (at one effective radius), as well as the to-
tal SFRs based on Hα. Such sample, even though relatively
small, but being free from aperture effects, could prove es-
sential in either strengthening or weakening the status of the
M∗–Z–SFR relation. The analysis performed on global mea-
sures by Sánchez et al. (2013) concluded that no dependence
of MZR on SFR existed. Furthermore, they tentatively ex-
plained the apparent presence of this dependence in SDSS
data to be due to the aperture affects (their Appendix).
Here we reanalyze Sánchez et al. (2013) data using our pre-
ferred methodology: metallicity vs. relative SSFR in individ-
ual mass bins. The results are shown in Figure 10). Except
in the lowest mass bin (panel A), the anti-correlation between
metallicity (determined by Sánchez et al. 2013 using Pettini
& Pagel (2004) calibration of O3N2 method) and SSFR (i.e,
the offset from the SF sequence as derived with Sánchez et
al. 2013 data) is convincingly present (purple lines show lin-
ear unweighted fits). In mass bins centered at logM∗ = 10.0
and 10.5 there is only 5% and 3% probability that the anti-
correlation is due to chance (obtained using bootstrap resam-
pling; similar results, 3% and 0.1%, are obtained when mea-
surements are perturbed within the error bars). The positive
correlation in the lowest mass bin is not statistically signifi-
cant (there is a 37% probability that it is due to chance), but
it is incompatible with very strong anti-correlation expected
at those masses. We point out that Sánchez et al. (2013) sam-
ple is incomplete at those masses, and the apparent lack of
anti-correlation could potentially be due to the apparent size
selection present in CALIFA dataset (Walcher et al. 2014).
We believe that the reason why this dependence was not de-
tected in the analysis of Sánchez et al. (2013) was because the
sample was not split by stellar mass (their Figure 4, bottom
right panel). Furthermore, in a small sample that lacks ex-
treme star-formers, the trend in metallicities will be relatively
modest and therefore difficult to spot on a mass-metallicity
plot color-coded by SFR (their Figure 4, lower left panel).
We conclude that it is very encouraging that the measure-
ments that avoid the issues of SDSS fibers confirm the MZR
dependence on SSFR, and in a degree that is comparable to
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that using more extensive SDSS data.
5. DISCUSSION: IMPLICATIONS FOR THEORETICAL STUDIES
Chemical enrichment of galaxies and its change through
cosmic time is the result of an intricate interplay between star
formation (turning gas into stars), stellar evolution (releasing
enriched gas into the ISM), regulation of SF (different forms
of feedback), galaxy-scale outflows (possibly related to feed-
back processes), as well as gas accretion (from intergalactic
medium (IGM), recycled outflow gas, or from gas-rich merg-
ers). Each of these individual processes are themselves not
fully understood.
There are two main aspects of chemical enrichment: that
of the stars, and of the ISM (typically of gas in photo-ionized
HII regions)). Both are usually expressed in terms of a metal-
licity. Stellar metallicities are more representative of the sum
record of the history of metal enrichment, while gas metallici-
ties are more reflective of the current level of chemical enrich-
ment. The study of stellar metallicities of individual galaxies
requires good absorption-line spectroscopy, hence it is mostly
limited to low redshifts (Gallazzi et al. 2005), with pioneering
efforts at intermediate and high redshifts currently under way
(Sommariva et al. 2012; Gallazzi et al. 2014).
Theoretical efforts first focused on trying to reproduce the
local MZR and its evolution with redshift, and were only more
recently modified to address the dependence on SFR. In prin-
ciple, the existence of MZR can be explained in the context
of a closed-box model, simply as the consequence of “down-
sizing”, a scenario in which more massive galaxies have pro-
duced most of their stars and metals early in the history of the
universe (e.g., Garnett 2002; Savaglio et al. 2005). However,
simple closed-box scenarios violate numerous constraints, in-
cluding Milky Way G- and M-dwarf metallicities (e.g., Woolf
& West 2012). Thus, building on early ideas by Dekel & Silk
(1986), T04 proposed a model in which galactic winds (out-
flows), which are responsible for the removal of metal-rich
gas from SF regions, are more efficient in low-mass galax-
ies, leading to the observed MZR. More recent analytic mod-
els typically require both inflow and outflow to match galaxy
metallicities (e.g., Dalcanton 2007; Peeples & Shankar 2011).
Hydrodynamic galaxy formation simulations that include
strong feedback have been able to reproduce the MZR.
Brooks et al. (2007) used high-resolution zoom disk galaxy
simulations to argue that the MZR faint-end slope is primar-
ily set by the lowered efficiency of converting gas into stars in
the ISM (due to supernova feedback), as opposed to ejecting
metals. Finlator & Davé (2008) and Davé et al. (2011) used
lower-resolution cosmological simulations to argue that out-
flows lowered the efficiency of converting infalling (not ISM)
gas into stars, and Davé et al. (2012) showed that this can
be effectively parameterized in a simple analytic framework
that predicts Z ∝ η−1 in small galaxies, where η is the mass
loading factor. The observed faint-end MZR of Z ∝ M0.3−0.4∗
then implies η ∝ M−1/3∗ , consistent with momentum-driven
winds (Murray et al. 2005; Oppenheimer & Davé 2008).
More recent cosmological simulations favor a steeper scaling
of η to reproduce the stellar mass function, but this results in
an MZR that is too steep (Davé et al. 2013). Over-enriching
outflows, as suggested by data (e.g., Heckman et al. 2000)
makes the problem worse, and indeed the Illustris simulation
employs under-enriched outflows, which is difficult to justify
physically but improves agreement with data (Vogelsberger et
al. 2014). Recent zoom simulations that include H2-based star
formation can reproduce the MZR and stellar mass data via a
combination of outflows driving out gas and metals together
with a reduced ISM star formation efficiency owing to lower
metallicities (L. Christensen, in prep.) Clearly the physics
that sets the MZR shape is not fully sorted, but successful
models commonly invoke increasingly stronger outflows to
low-masses, with saturation at high masses where outflows
become ineffective. Regarding the MZR evolution, outflows
are necessary to explain slow enrichment by z∼ 2 (Finlator &
Davé 2008), but the overall increase of metallicity at a given
mass is due to the accreted gas becoming more metal rich
(Davé et al. 2011).
Cosmological simulations concurrently predict the M∗–Z–
SFR relation. Davé et al. (2011) showed that projecting the
simulated galaxies onto the FMR plane of M10 indeed low-
ered the scatter, though not by quite as much as expected from
M10. The trend qualitatively arises in these models because
pristine infall both increases the gas content to stimulate star
formation, while reducing the gas-phase metallicity. Galax-
ies thus fluctuate around the “equilibrium" MZR owing to
fluctuations in the infall rate (such as mergers). Finlator &
Davé (2008) showed that the MZR scatter is thus set by the
timescale to return to the “equilibrium" MZR, and in simu-
lations when this dilution timescale became greater than the
halo dynamical time, the MZR scatter blew up. Such ideas
were encapsulated in the analytic “gas regulator" model of
Lilly et al. (2013), in which the metallicity is determined in-
stantaneously by gas consumption timescale (), mass loading
of wind outflow (λ) and the specific SFR. The M∗–Z–SFR re-
lation emerges in this model if  and λ are mass-dependent.
Furthermore, in gas regulator model the M∗–Z–SFR relation
is redshift-invariant if  and λ are themselves constant with
time. The model of Lilly et al. (2013) was generalized by
Pipino et al. (2014) to allow for an evolving efficiency of SFR
from inflowing gas, and was thus able to provide a very good
match to both the MZR and the M∗–Z–SFR relation. Zahid
et al. (2014) forwarded a related empirical model in which
gas infall dilutes the existing metallicity, and hence argued
the MZR evolution is fundamentally governed by a relation
between metallicity and gas-to-stellar mass ratio. However,
inflow fluctuations are not the only viable explanation. Dayal
et al. (2013) suggested instead that the M∗–Z–SFR relation
arises because higher SFR galaxies have stronger outflows
that eject more metals. A review of recent theoretical ideas
related to gas accretion and its impact on the MZR can be
found in Sánchez Almeida et al. (2014).
Results of our study have a number of implications for theo-
retical efforts. We have seen that the exact character of M∗–Z–
SFR relation will change depending on the metallicity, and to
some extent, the SFR indicator. Therefore, theoretical results
should not be expected to reproduce details of any empirical
relation, but instead should lie in the range of empirical esti-
mates. The strength of the correlations will be affected by the
accuracy of measured quantities, in particular the ability to
accurately identify galaxies with high SFRs. Therefore, it is
recommended that the results of simulation also include real-
istic effects of observational errors. In the same way in which
the mass-binned metallicity vs. SSFR plots were shown to be
a useful framework to characterize the M∗–Z–SFR relation
empirically, so it is a recommended way to show theoretical
predictions and compare them to the observations.
Our results further challenge models to produce not only the
dependence on SFR , but also make it stronger for lower-mass
galaxies. Also, what we find to be a consistent feature among
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galaxies of logM∗ . 10.5 is the change in strength of SFR-
dependence above the SF sequence. Theoretical work has yet
to address this. Our suggestion is that it reflects the change
in the mode of star-formation above the SF sequence, possi-
bly in relation to galaxy interactions. If mergers are common
in this regime, one expects lower metallicities (and therefore
stronger Z–SSFR trends) simply due to the progenitor bias.
Note that a late-stage 1:1 major merger with the final mass
logM∗ = 10 will still have the metallicity of a logM∗ = 9.7
galaxy because it hasn’t had time to enrich its gas yet. The
factor of two in mass around logM∗ = 9.7 corresponds to
roughly a 0.1 dex shift in metallicity (e.g., Figure 2), which
would explain a some of the difference between purple and
green lines in Figure 4B.
Finally, we confirm that the dependence of metallicity on
galaxy size is real, and independent of the trends with SFR.
One possibility is that the galaxies that are larger than what is
typical for their mass are undergoing higher rates of accretion
onto the disk, which is then reflected in the overall reduction
of the metallicity.
6. CONCLUSIONS
The aim of this work was to establish a more physically mo-
tivated non-parametric framework for the study of the M∗–Z–
SFR relation, and to apply the methodology to understand the
origins of conflicting results regarding the characterization of
the local relation. We demonstrate that such a non-parametric
framework is needed to accurately determine whether the
MZR has secondary dependencies on other parameters, and
whether local and higher-redshift samples can be described
with a single “fundamental" metallicity relation. Here, we
have sought to provide a more coherent picture of the empiri-
cal properties of the local M∗–Z–SFR relation, and summarize
our results as follows:
1. A more physically motivated second parameter for the
M∗ − −Z relation is the relative specific SFR, i.e., the
level of star formation compared to what is typical for
a galaxy of that mass, rather than the absolute (S)SFR.
The relative SSFR represents the offset from the star-
forming sequence (the “main sequence”) along the
SSFR axis. Selection of galaxies with relatively high
SSFR better mimics high-redshift selection. The use of
specific SFR, as opposed to SFR, also has the advantage
that the measurement of star formation within SDSS
spectroscopic fibers is physically meaningful, since it
represents the intensity of star formation in the same re-
gion where the metallicity is measured. We caution that
absolute fiber SFRs, which were used in the Mannucci
et al. (2010) formulation of FMR are strongly distance
dependent and cover on average of only 25% of the to-
tal SFR.
2. Following from conclusion 1, our preferred framework
for the study of M∗ − −Z secondary dependencies and
for investigating whether the same trends apply at dif-
ferent redshifts (i.e., the FMR), consists of plotting the
metallicity against the relative SSFR as an independent
parameter, but restricted to galaxies of a certain, rela-
tively narrow mass range (0.2–0.5 dex) at a time. This
method is free from assumptions of the parametrization
of M∗–Z–SFR relation, and exposes important details
of the relationship which are not captured by previous
parameterizations (e.g., a plane, or projection of mini-
mal scatter; see Conclusions 3, 4, 5; de los Reyes et al.
2014). All figures in this paper, beginning with Figure
4, apply and illustrate this method.
3. We confirm that metallicity’s dependence on SSFR is
weaker for more massive galaxies, becoming very weak
or absent above logM∗ ≈ 10.5 (Ellison et al. 2008).
4. The secondary dependence on SSFR has a markedly
different character for intense star formers (with SSFR
&0.6 dex above the star-forming sequence) than for
“normal” star-forming galaxies (those in the core or be-
low the sequence). The trend indicates a possible two-
mode behavior, which can be parameterized with a bro-
ken linear fit of 12+log(O/H) vs. log SSFR, with slopes,
κhigh and κlow. The galaxies above the SF sequence
have a much stronger dependence on the SSFR, which
notably, have similar κhigh regardless of the mass. How-
ever, as the mass increases, a smaller and smaller per-
centage of galaxies belongs to this group of high SSFR
galaxies.
5. Conclusion 4 implies that characterizing the relation
between mass, metallicity and SFR with a flat plane
(Lara-López et al. 2010, 2013), or with a projection that
minimizes the scatter (Eq. 5 of Mannucci et al. 2010),
forces the trends to be identical at different masses
and/or at different SSFRs, which is not the case. The
use of such descriptions of the local M∗–Z–SFR rela-
tion, which would be dominated by weaker trends of
the majority of local galaxies, could lead to incorrect
predictions for high-redshift samples, off by 0.2 dex or
more in metallicity (Maier et al. 2014).
6. Contrary to common wisdom, accounting for SSFR de-
pendence has a modest effect on the reduction of scatter
in metallicities—it is at most 20% at the lowest masses,
and down to 0% at higher masses, confirming the re-
sults of Ellison et al. (2008). This is in contrast to
the reduction of the scatter of median-binned values,
which is more dramatic (Mannucci et al. 2010). In other
words, the M∗–Z–SFR relation cannot be thought of
as a thin surface. Furthermore, the remaining scatter
is still higher than the formal metallicity measurement
errors, suggesting that other parameters may be more
closely related to metallicity than the (S)SFR.
7. For the majority of galaxies that do not have very high
SSFRs, the strength of metallicity’s dependence on
SSFR (κlow) is similar when using fiber SSFRs (based
on emission lines, particularly Hα) or the total SSFRs
(based on integrated fluxes), eliminating concerns that
the SFR dependence is due to a spurious correlation be-
tween metallicity and emission-line based SFR. For in-
tense star-formers (&0.6 dex above the star-forming se-
quence) Hα SSFRs produce stronger trends than mid-
IR SSFRs, which could due to the shorter timescales
that tHα is sensitive to, or the fact that it measures SFR
in the same region in which the metallicity is measured
(fiber).
8. The character and the strength of trends of metallic-
ity vs. SSFR are sensitive to signal-to-noise ratio selec-
tion cuts applied to the emission lines. The least biased
method is to only select on the S/N of a single Balmer
line. To ensure that usable metallicity estimates are ob-
tained, this cut can be relatively high (Mannucci et al.
MASS-METALLICITY-SFR RELATION 19
2010). Applying cuts to multiple lines preferentially
removes high-metallicity galaxies with lower SSFRs,
effectively leading to weaker metallicity trends (de los
Reyes et al. 2014).
9. The choice of metallicity indicator affects the strength
of the Z vs. SSFR trends, but an anti-correlation is al-
ways observed: higher SFRs at a given mass on average
have lower metallicities. The exception is for metallic-
ities derived using the method of Tremonti et al. (2004)
(T04, which show non-monotonic behavior, with aver-
age metallicities decreasing both above and below the
SF sequence, especially at higher masses. The behav-
ior arises both from the signal-to-noise ratio cuts ap-
plied to multiple lines for which T04 metallicities are
available, (Conclusion 8), and from the fact that T04
values yield weaker metallicity trends. More work is
needed to establish the root causes of such differences
with respect to other methods. The “reversal” reported
in some recent studies, i.e., that the trend of metallicity
vs. (S)SFR becomes positively correlated for high-mass
galaxies can be attributed to the use of T04 metallicities
in these studies. The reversal is not consistent with the
concept on an FMR as it would predict that the high-
redshift MZRs are offset below the local MZRs at low
mass and offset above the local MZRs at high mass.
10. Application of our methodology shows that the depen-
dence of metallicity on SSFR is present in the CALIFA
dataset, which is based on integral field spectroscopy
for local galaxies, whereas Sánchez et al. (2013) re-
ported no significant secondary dependence on SFR,
and concluded that the M∗–Z–SFR relation is an arti-
fact of spectroscopy aperture biases. We show that the
CALIFA data have a dependence on the SSFR that is
broadly consistent with the relation followed by galax-
ies in the SDSS, except at the lowest masses, where the
available CALIFA data are few and show no clear de-
pendence.
11. We confirm that metallicity has a secondary depen-
dence on galaxy size (half-light semi-major axis), as
originally found by Ellison et al. (2008), and that it
is independent of the dependence on (S)SFR, and also
not the result of aperture effects. At masses above
logM∗ & 10 the strength of this correlation is similar to
the dependence with respect to SSFR, but the total ex-
tent of the median metallicities due to the galaxy size is
smaller than due to SSFR. The end result is that the de-
pendence on galaxy size is secondary to that on SSFR
and is therefore less relevant in the evolutionary con-
text, but still in need of a theoretical explanation.
The non-parametric analysis framework presented here will
be used to evaluate whether the relation defined in the local
universe by SDSS galaxies also describes galaxies at higher
redshift (i.e., whether it is “fundamental”) in future work
(Salim et al. 2015, in prep.).
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